Sodium butyrate (SB) provided orally favours body growth and maturation of the gastrointestinal tract (GIT) in milk-fed pigs. In weaned pigs, conflicting results have been obtained. Therefore, we hypothesised that the effects of SB (3 g/kg DM intake) depend on the period (before v. after weaning) of its oral administration. From the age of 5 d, thirty-two pigs, blocked in quadruplicates within litters, were assigned to one of four treatments: no SB (control), SB before (for 24 d), or after (for 11-12 d) weaning and SB before and after weaning (for 35-36 d). Growth performance, feed intake and various end-point indices of GIT anatomy and physiology were investigated at slaughter. The pigs supplemented with SB before weaning grew faster after weaning than the controls (P,0·05). The feed intake was higher in pigs supplemented with SB before or after weaning (P, 0·05). SB provided before weaning improved post-weaning faecal digestibility (P, 0·05) while SB after weaning decreased ileal and faecal digestibilities (P,0·05). Gastric digesta retention was higher when SB was provided before weaning (P, 0·05). Post-weaning administration of SB decreased the activity of three pancreatic enzymes and five intestinal enzymes (P,0·05). IL-18 gene expression tended to be lower in the mid-jejunum in SB-supplemented pigs. The small-intestinal mucosa was thinner and jejunal villous height lower in all SB groups (P,0·05). In conclusion, the pre-weaning SB supplementation was the most efficient to stimulate body growth and feed intake after weaning, by reducing gastric emptying and intestinal mucosa weight and by increasing feed digestibility.
Butyrate is one of the SCFA produced by bacterial fermentation of carbohydrates (dietary fibre, resistant starch) in the colon of single-stomached species including swine and man (1) . Butyrate is also naturally released from milk by pregastric lipases during suckling in young animals. Butyrate is known to inhibit the growth of both Gram-positive (for example, enterococci) and Gram-negative (for example, coliforms) bacteria (2) . Butyrate is quickly absorbed and can be utilised directly as an energy source by colonic epithelial cells (3) . In addition to being an important fuel for colonocytes, several studies have indicated that butyrate increases mucosal proliferation and improves epithelial cell differentiation and colonic barrier function (4 -6) . Furthermore, butyrate protects the intestine as shown in studies of total parenteral nutrition in rats where it retards the associated mucosal atrophy (7) . Butyrate is also involved in intestinal adaptation by increasing cell proliferation and decreasing apoptosis (8) . In other studies, butyrate has been reported to affect the immune system (9) and to exert anti-inflammatory properties (10, 11) . However, the effects of butyrate depend on the experimental model (in vitro or in vivo), the state of the cells (normal or cancerous (12) ), the degree of inflammation (13) and the dose (proliferative at low dose, anti-proliferative at high dose (14) ) leading to the concept of the 'butyrate paradox' (15) . The effects of butyrate on colonic tissues after stimulation of its production by butyrogenic dietary substrates (16) or after caecal administration (16) have been described extensively, whereas its effects on intestinal biology and function after oral administration are poorly documented. Due to anti-bacterial, anti-inflammatory and proliferative properties, butyrate is an attractive potential alternative to antibiotic growth promoters that have been banned from farms in the European Union since 1 January 2006. Therefore, several studies have been carried out to investigate the effects of sodium butyrate (SB) on growth, small intestine (SI) morphology and digestibility in weaned piglets. However, conflicting results have been reported. Gálfi & Bokori (17) were the first to show higher growth performances in pigs weighing from 7 to 102 kg and receiving SB at 1·7 g/kg feed. Then, Piva et al. (18) showed that feeding SB at 8 g/kg to piglets in the first 8 weeks after weaning improved the average daily gain and the average daily feed intake during the first 2 weeks. In contrast, Manzanilla et al. (19) reported improved feed efficiency but unchanged growth performance as well as deeper jejunal crypt depth, increased colonic goblet cells numbers and reduced digestibility of organic matter and starch in weaned pigs receiving SB (3 g/kg DM intake) for 14 d after weaning. Biagi et al. (20) did not observe any modification of intestinal mucosal morphology in piglets receiving SB at 1 to 4 g/kg during the 6 weeks after weaning. SB provided orally soon after birth was found to increase growth and stimulate intestinal maturation (21) . To our knowledge, very few experiments have been conducted in milk-fed young mammals. With our preliminary results in piglets (21) and calves (22) which suggest that SB provided orally soon after birth could increase body growth and intestinal maturation, we undertook the present research to investigate the influence of the period of administration of SB (before and/or after weaning) on growth rate, feed intake and gastrointestinal tract (GIT) architecture and function in young pigs.
Materials and methods

Animals and experimental design
The experimental procedures were carried out according to the guidelines of the French Ministry for Animal Research. The present study involved two periods with young pigs: the suckling period from day 5 after birth until weaning at day 28, and the post-weaning period from day 29 to days 39-40 for the first batch and to days 40 -41 for the second batch of pigs. Two factors were investigated: SB before weaning and SB after weaning. These factors were combined in order to get four treatments: pigs with no SB supplementation (CC group; control), pigs supplemented with SB only before weaning (BC group) or only after weaning (CB group) and pigs supplemented both before and after weaning (BB group).
Thirty-two crossbred (Pietrain £ Large White £ Landrace) piglets from the experimental herd of the National Institute for Agricultural Research (INRA; Saint-Gilles, France) were blocked within litters into quadruplicates homogenous for birth weights and growth rates over the first 4 d of life. One pig from each block was randomly assigned to one of the four experimental treatments. The study was conducted in two consecutive batches of four litters each.
During the suckling period, the SB solution or the saline solution used as the control treatment was carefully administered by a 5-10 ml plastic syringe fitted with an oesophageal tube twice daily (at 09.00 and 15.00 hours), as previously reported in detail (23) . SB was supplied at a concentration of 3 g/kg of the daily intake of milk DM as estimated during the suckling period from individual growth rates, using the equation of Noblet & Etienne (24) . The piglets were kept with their littermates and the sow in the farrowing unit throughout the suckling period.
At day 28, the experimental pigs were transported to the weaning building where air temperature (27-288C) and light (08.00 -21.00 hours) were automatically controlled.
They were housed in individual cages (0·6 £ 0·8 m) with a mesh floor. The starter diets were made available from the day of weaning onward. Between day 28 and day 32, the amount of feed offered was progressively increased from 10 to 80 % of the INRA recommendation (25) . This was made for minimising the risk of over-feeding and subsequent GIT disorders and scours often seen with ad libitum feeding immediately after weaning. Feed intake amounted to 70 g per kg metabolic body weight (BW 0·75 ) at day 32. Amounts of feed covering 100 % of the requirements were provided from day 33 until the end of the trial. The weaning diets were offered twice daily (at 09.00 and 15.00 hours) as a mash with a feed:water ratio of 1:1 (w/w) during the first 3 d after weaning and 2:1 thereafter. Water was provided ad libitum.
Experimental solutions given orally and weaning diets
Solutions of saline (9 g NaCl/l) and SB (60 g/l, reference 303410; Sigma, St Quentin Fallavier, France) were prepared for oral administration to young pigs during the suckling period. The pH of both solutions was adjusted to 7·0 with sodium hydroxide. Two weaning starter diets were formulated (Table 1) . Both diets were similar in composition, except that , respectively. No antimicrobial agent was added to the diets.
Measurements and sampling during the experiment
The piglets were weighed three times per week during the suckling period, the weaning day, twice per week from weaning to slaughter and, finally, on the slaughtering day. Fresh faeces were collected twice on day 37 and faecal samples were freeze-dried, milled and stored at þ48C until chemical analysis. Blood (10 ml) was collected from either of the jugular veins of piglets at day 5, at day 28 (weaning) and at day 37, in tubes with EDTA (VT-100 STK, 0·1 ml EDTA, 0·47 ml/l: 21 % (w/v); CML, Nemours, France) and aprotinin (10 000 IU/ml Trasylol; Bayer Pharma SAS, Puteaux, France). After blood centrifugation (2300 g; 10 min; þ48C), plasma was recovered and stored frozen at 2 208C until analysis.
Measurements and sampling at slaughter
Piglets from two litters were randomly slaughtered 4 h after the last meal on day 39 and those from the remaining two litters on day 40 after birth for the first batch of pigs. Slaughter took place on days 41 and 42 for the pigs of the second batch. The piglets were stunned by electric shock and then exsanguinated. After midline abdominal incision, the GIT was gently removed, weighed and placed on ice for digesta contents and tissue sampling. In brief, the stomach and the large intestine were separated from the SI. The stomach was weighed full and empty. The digesta were frozen and later freezedried, milled and stored at þ48C before chemical analysis.
The SI was separated from the mesentery, measured for its length and divided into five segments: the first one was from the pylorus to the ligament of Treitz (SI1) and corresponded to the duodenum. The distal 2 m were taken arbitrarily as the ileum (SI5) for getting enough digesta for ileal digestibility measurements. The remaining part of the SI corresponded (mostly) to the jejunum. It was divided into three parts equal in length (SI2, SI3, SI4). The total contents from the SI were collected frozen, freeze-dried, milled and stored dry at þ48C until analysis. The empty SI was flushed with cold saline, blotted dry with absorbing paper and the tissues weighed. The caecum and colon were not examined.
Chemical analysis of diets, gastric and intestinal digesta and faeces DM was determined by drying at þ1058C to constant weight, and ash by incineration at þ5508C for 16 h. N was determined with a Leco FP 428 N analyser method (no. 990.03; Leco Corp., St Joseph, MI, USA) according to Association of Official Analytical Chemists (27) . The concentration of chromium from chromic oxide in diets and digesta was determined spectrophotometrically (Cobas Mira; Horiba ABX, Montpellier, France) according to the method described by Poncet & Rayssiguier (28) . The concentration of titanium in diets and faeces was determined spectrophotometrically (Cobas Mira; Horiba ABX) according to the method described by Njaa (29) .
Histomorphometry
A small tissue sample (0·5 £ 0·5 cm) was removed from the middle of each intestinal segment, fixed in buffered formalin and kept in ethanol-water (70:30, v/v) at þ48C until analysis. Villous-crypt architecture along the SI was determined using microdissection according to the technique of Goodlad et al. (30) and measured using image analysis as previously described (31) . Mean values for villous height and crypt depth were determined for ten individual villi and crypts from each specimen, and individual means calculated. Mucosal thickness was estimated for each sample as the sum of mean villous height and mean crypt depth.
Intestinal histology for cell proliferation and apoptosis, and for densities of goblet cells and intra-epithelial lymphocytes Whole tissue from the medium part of the SI (SI3) was collected quickly after slaughter, fixed in phosphate-buffered formalin (4 %), dehydrated and embedded in paraffin. Then, sections of 5 mm thickness were prepared and stained or immunostained for proliferation (PCNA antibody clone PC10; Sigma) and apoptosis (terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labelling (TUNEL); Promega, Madison, WI, USA) as described by Domeneghini et al. (32) . Other sections were stained with haematoxylin and eosin and counted for goblet cells and intra-epithelial lymphocytes in the villi. Staining was carried out on two serial sections each time and cell counts were conducted on between ten and twenty villi and crypts as previously reported (33) . The means were calculated for getting one average value per cell type and per pig.
Digestive enzyme activities
Just after slaughtering, a piece of pancreatic tissue was frozen in liquid N 2 and stored at 2208C. From the middle of each of the five SI segments (SI1 to SI5), a piece of mucosa was scraped with a glass slide from a portion (40 cm) of SI. The mucosa was weighed and homogenised. Samples were then frozen in liquid N 2 and stored at 2 208C. After thawing of the samples coming from pancreas tissue and intestinal mucosa, protein content was measured as described by Lowry et al. (34) . The digestive enzymes were analysed in the pancreas and in the small-intestinal mucosa as reported elsewhere (35 -37) and are presented in Table 2 . Enzyme activities were calculated as mmol hydrolysed substrate per min (IU) and expressed as specific (IU per g protein) or total (IU/kg piglet BW) activity.
Detection of pro-inflammatory cytokine mRNA
RNA from three segments (SI1, SI3 and SI5) was extracted as previously described (38) . After assessment of concentration, purity and quality, 2 mg total RNA were reversetranscribed (39) . Real-time PCR assays were performed on 8 ng synthesised cDNA (38) , with porcine-specific primers for cyclophilin A, IL-1b, IL-18 and TNFa (Table 3) (38, 40, 41) . Sodium butyrate and growth of pigletsSpecial care was taken to design or choose sets of primers on different exons or spanning exon -exon conjunctions to differentiate cDNA from genomic DNA. A dissociation curve analysis was carried out to confirm the specificity of the target nucleic acid sequence amplified. Data were analysed using the method of Peirson et al. (42) and individual values for cytokine expression were obtained after normalisation to cyclophilin A, a housekeeping gene used for relative quantification. The level of expression of genes encoding for cytokines is expressed in fold-change as compared with CC piglets (mean value of 1 in this group).
Detection of insulin-like growth factor-I and insulin-like growth factor-I receptor mRNA
From a tissue sample collected in the middle of the SI (SI3), mRNA was extracted as previously described (37) . Total mRNA (3 mg) was reverse-transcribed (43) . Real-time PCR assays were performed on 50 ng synthesised cDNA (43) , with porcine-specific primers for insulin-like growth factor I (IGF-I) and IGF-I receptor (Table 3) . Endogenous 18S ribosomal RNA amplifications were used for each sample to normalise the expression of the selected genes.
Plasma gut regulatory peptide concentrations
Plasma concentrations of cholecystokinin were measured in ethanol-extracted plasma by means of a commercially available RIA kit (reference RB 302; Euro-Diagnostica AB, Malmo, Sweden). Synthetic cholecystokinin 26-33 was used as a standard. The concentration of glucagon-like peptide-2 (GLP-2) in plasma was measured by RIA after extraction of plasma with 70 % ethanol (v/v, final concentration), as previously reported (44) . The antiserum is directed against the common N-terminus of human and porcine GLP-2 and therefore measures only fully processed GLP-2 of intestinal origin.
Calculations and statistical analyses
The apparent digestibility coefficients of DM, organic matter and N at the ileal level and in the whole GIT were calculated according to the following equations (26) : Ileal apparent digestibility ¼ð1 2 ððZ ileum =Cr ileum Þ= ðZ diet =Cr diet ÞÞÞ £ 100;
Faecal apparent digestibility ¼ð1 2 ððZ faeces =Ti faeces Þ= ðZ diet =Ti diet ÞÞÞ £ 100;
where Z ileum , Z faeces and Z diet are the DM, organic matter or N concentrations in ileum contents, faeces and in diet, respectively, Cr ileum and Cr diet are the concentrations of chromium in ileum contents and diets and Ti faeces and Ti diet are the concentrations of titanium in faeces and diet, respectively. An ANOVA of the data was conducted using the general linear model procedure of SAS (version 8.1; SAS Institute Inc., Cary, NC, USA) with a two-levels full factorial design including SB administration before weaning (Be), SB administration after weaning (Af) and Be £ Af interaction. Batch and litter within batch were also included in the model. The values presented are least square mean values with their standard errors and effects were considered significant at P, 0·05. Tendencies were reported when 0·05 , P# 0·10. When the Be £ Af interaction had a value of P#0·10, the following three pre-planned orthogonal contrasts were analysed: 'SB all periods v. never SB' ((CB þ BC þ BB) v. CC); 'SB, one period v. two periods' ((CB þ BC) v. BB); 'SB only before weaning v. only after weaning' (BC v. CB). The values for cytokine gene expressions did not display a normal residue distribution. Therefore, a log base 10 transformation of the data was used.
Results
The experiment went well but two pigs (one in the BC and one in the BB group) had to be removed from the trial because they did not consume the weaning diets. The other animals remained clinically healthy during the entire study.
Growth performance, digestibility of feed components and transit along the gastrointestinal tract Supplementing the pigs with SB before weaning had a positive effect on their final BW (P¼0·042) ( Table 4) . Before weaning, average daily gain did not differ between the four groups (P¼0·25 to P¼0·53), but after weaning, average daily gain was higher in pigs receiving SB (BC, CB and BB pigs) than in control pigs (P¼0·016 and P¼0·10 for SB supplied before and after weaning, respectively). The average daily feed intake in the post-weaning period was higher for the pigs consuming SB before weaning (P¼0·048).
When SB was provided after weaning (Table 5) , SB treatment tended to decrease post-weaning apparent ileal DM digestibility (P¼0·076) and decreased the apparent digestibility of N (P¼0·009). The faecal apparent digestibility of DM, organic matter and N was increased with SB supplementation before weaning (P¼0·030 to P¼0·040) while it was decreased when SB was provided after weaning (P¼ 0·004 to P¼0·015). Finally, the post-weaning faecal apparent digestibility of ash was lower in pigs supplemented with SB before weaning (37) (P¼0·032) but was not influenced when SB was provided after weaning (P¼0·60). At 4 h after the last meal, the amount of DM (expressed as a percentage of DM intake at the last meal) left in the stomach was higher in piglets receiving SB before weaning (P¼0·034), with no effect of SB administration after weaning (P¼0·14) (Fig. 1) . This was confirmed for residual N in the stomach (data not shown). The amount of DM present in each of the first four segments of the SI (SI1 to SI4) was not influenced by SB supplementation (P¼0·25 to P¼0·91). SB supplementation had no effect on residual DM (or N; data not shown) present in the distal SI (SI5) (DM: P¼0·43; N: P¼0·55). However, there was a tendency (P¼0·09) for an interaction between SB supplementation before and after weaning. The amount of DM (and N; data not shown) in the distal SI (SI5) of pigs supplemented with SB strictly before or after weaning tended to be lower than in pigs supplemented at both periods (P¼0·073). The treatment had no effect on digesta pH along the GIT (data not shown).
Weight of the stomach and the small intestine, villous and crypt architecture and digestive enzyme activities of the small intestine The fresh stomach weight was not influenced by SB supplementation (data not shown). By contrast, the SI weight was lower in the pigs supplemented with SB before weaning (P¼0·013), with no effect of SB supplementation after weaning (P¼0·66) ( Table 6 ). This effect was (or tended to be) significant for all SI segments (P¼ 0·01 to P¼0·06), except the proximal (SI1) segment (P¼0·25 by SB supplementation; data not shown). SB provided before weaning to the pigs mainly affected the mucosa, the fresh weight of which was reduced for segments 2-4 of the SI (P# 0·02). The weight of the SI muscle layers was not influenced by SB supplementation (P¼0·17 to P¼0·94).
Villous -crypt architecture analysis of the mucosa revealed no effect of SB supplementation in the proximal (SI1) and medial (SI3) segments (P¼0·14 to P¼0·97) (data not shown). However, the interaction of SB supplementation between before and after weaning was significant for villous height and mucosal thickness in the distal SI (SI5) (P¼0·03 and P¼0·05, respectively) (Fig. 2) . Pigs supplemented with SB for one period (CB or BC groups) had villous height and mucosal thickness that were lower than those supplemented for both periods (BB) (P¼0·05 and P¼0·03, respectively). Cell proliferation as assessed in the mid-SI (SI3) tended to be increased by oral supplementation of SB after weaning (mean across CC and BC ¼ 35·7 v. CB and BB ¼ 39·6 (SEM 1·6) cells per crypt; P¼0·10). Apoptosis was not influenced by the treatments (data not shown).
The density of total and subtype goblet cells (neutral, acidic and acidic sulfated mucin-containing cells) and intra-epithelial lymphocytes in the mid SI were not influenced.
The total activities of maltase, sucrase, aminopeptidase A, aminopeptidase N and dipeptidyl peptidase IV, expressed per kg BW, were lower in the SI of pigs supplemented with SB after weaning ( Table 7 ). The activity of lactase was not influenced by SB supplementation. The activity of maltase tended to be lower (P¼0·08) and that of sucrase was lower when pigs were supplemented with SB (whatever the period Table 3 . 
IGF, insulin-like growth factor. of supplementation; P¼0·01). However, the specific activities (IU/g protein) of all these enzymes were not influenced by SB supplementation (data not shown).
Pancreas weight and pancreatic digestive enzyme activities
SB supplementation influenced neither the weight nor the protein content of the pancreas (data not shown). The total chymotrypsin activity was reduced (P¼0·05) when SB supplementation was provided before weaning, with no effect of supplementation after weaning (P¼0·14) (Fig. 3) . The total activities of trypsin and elastase II tended to be reduced by SB supplementation after weaning and before weaning, respectively (P¼0·10). The total activities of amylase, elastase I and lipase were not influenced by SB supplementation (data not shown). The specific activities of all these enzymes were not influenced by the dietary treatments (data not shown).
Plasma gut regulatory peptide concentrations and insulin-like growth factor-I and insulin-like growth factor-I receptor gene expression SB supplementation had no effect on plasma cholecystokinin and GLP-2 concentrations (data not shown).
SB supplementation neither influenced the IGF-I nor IGF-I receptor expression in the mid-SI (SI3) of piglets (data not shown).
Cytokine gene expression profile
In the proximal segment (SI1) and distal segment (SI5), all examined cytokines showed similar levels of expression whatever the treatment (data not shown). However, for IL-18 in the mid-segment (SI3), there was a tendency for an interaction between treatments before and after the weaning (mean per group expressed in fold-change as compared with the CC group: for BC, 0·85; for CB, 0·81; for BB, 1·53 (SEM 0·26); P¼0·06). IL-18 was less expressed (P¼0·03) in the mid-SI (SI3) of pigs supplemented with SB for one period (whatever the period of supplementation) as compared with the control group (CC) and with the SB supplemented before and after weaning (BB group).
Discussion
In the present investigation, we provide evidence that SB, especially when provided early after birth, had positive effects on growth performance and on feed intake in young pigs. 74·4  72·0  69·0  3·1  0·31  0·076  0·98  N  78·4  77·9  73·7  71·2  2·1  0·48  0·009  0·63  Faecal digestibility (%)  DM  84·2  86·3  82·2  83·8  0·8  0·030  0·015  0·78  Organic matter  86·3  88·1  84·1  85·8  0·9  0·038  0·010  0·93  N  80·7  84·7  77·2  79·3  1·5  0·040  0·004  0·48  Ash  58·5  64·8  60·3  61·5  1·7  0·032  0·65  0·14 CC, control (no SB supplementation); BC, SB before weaning and control after weaning; CB, control before weaning and SB after weaning; BB, SB before and after weaning. * Be £ Af: interaction between SB supplementation before and after weaning. CC, control (no SB supplementation); BC, SB before weaning and control after weaning; CB, control before weaning and SB after weaning; BB, SB before and after weaning. * Be £ Af: interaction between SB supplementation before and after weaning.
† Gain:feed ratio.
The new findings are that the effects of SB involved delayed gastric emptying, reduced intestinal mucosa weight and enhanced feed digestibility. Compared with data available in the literature, our work is the first to study the long-term impact, i.e. after weaning, of an oral butyrate administration during the neonatal period in piglets.
Digestion
Many mineral and organic acids, including SB, are known to slow down gastric emptying (45 -47) but the underlying mechanisms are still poorly understood (47) . In agreement with these results, we observed an important gastric retention of DM when pigs were supplemented with SB before weaning. However, post-weaning SB supplementation does not seem to influence DM contents in the stomach of pigs (19) , as confirmed in the present study. We have no clear explanation for the observed impact of pre-weaning SB on gastric retention post-weaning, but the present data suggest a long-lasting action of SB on the developmental physiology of the stomach. Pre-weaning supplementation of SB was found to increase the densities of gastric parietal cells and somatostatin-positive cells in the present study as previously reported (23) . However, an opposite effect on the number of both parietal and endocrine cells was seen with calcium formate, another salt of organic acid, used at a similar dose (48) . Similar to our observation, Manzanilla et al. (47) reported increased stomach DM content in weaned pigs supplemented with formic acid or a mixture of plant extracts. They hypothesised that an increased gastric retention, as observed in the present study with SB, may be beneficial to the pig due to the importance of gastric pre-digestion of the diet and the known role of the stomach in preventing the entry of pathogens into the GIT.
One interesting point of the present study is that SB fed to pigs during the suckling period had no influence (ileal level) or improved (faeces) the apparent digestibility of feed components after weaning. By contrast, SB provided after weaning strongly decreased the ileal digestibility of both DM and N (2 5·5 percentage points), with less marked effects at the faecal level. To our knowledge, no data are available in the literature on the effect of pre-weaning SB supplementation on digestibility after weaning. The present results are partly in agreement with those of Manzanilla et al. (19) who reported reduced ileal digestibility of starch in pigs supplemented with SB after weaning. Our data suggest that supplementing pigs with SB before weaning influenced GIT microbiota colonisation in such a way that fermentation was more efficient after weaning. Although the underlying mechanisms are not understood yet, Castillo et al. (49) reported that oral SB supplementation promoted the largest changes in the composition of the jejunal microbiota and in the ecological structure and metabolic activity of the microbial ecosystem of the large intestine, in comparison with the control treatment. These authors suggested that such changes in the extent of digestion and absorption of nutrients in the upper GIT could potentially modify the fermentable material reaching the large intestine and, therefore, modify the microbial activity at the faecal level. Work is in progress to explore the effects of SB supplementation on the microbiota.
Changes in ileal digestibility due to SB supplementation as observed in the present study are in agreement with the decreases (or tendencies) in the enzyme activities. Since the activity of pancreatic chymotrypsin and trypsin, and that of the intestinal mucosa, were lower in pigs supplemented with Fig. 1 . Influence of sodium butyrate (SB) supplementation on residual digesta DM in the stomach (a), the proximal and medial small intestine (SI1 to SI4) (b) and the distal small intestine (SI5) (c) after slaughter 4 h after the last meal. ( ), Control (no SB supplementation before or after weaning); ( ), SB before weaning and control after weaning (BC); ( ), control before weaning and SB after weaning (CB); ( ), SB before and after weaning (BB). Values are means (n 7-8 per group), with standard errors of the mean represented by vertical bars. Supplementation with SB before weaning increased the residual DM present in the stomach (P¼0·034). The treatments did not affect digesta DM present in the proximal plus mid-small intestine (SI1 to SI4) (P. 0·10). The before £ after supplementation interaction tended (P¼ 0·09) to be significant for the residual DM present in the distal small intestine. The pre-planned orthogonal contrast comparisons revealed a tendency (P¼0·07) for residual DM in the distal small intestine to be lower in the pigs supplemented with SB (for one period; BC or CB) as compared with those supplemented for both periods (BB).
SB after weaning, it may be assumed that the digestion was lower. In contrast with the present results, acute administration of SB was shown to stimulate pancreatic fluid and amylase secretion dose-dependently in various animal models in vivo and ex vivo (50, 51) . In pigs, intra-ileal administration of SB caused an acute increase of trypsin and protein outputs at low doses (5 mM), with no effects at higher doses (10 mM) (52) .
Intestinal mucosa weight, villous -crypt architecture and cellularity and cytokine gene expression Oral SB supplementation reduced the SI mucosal mass. This recalls the reported effect of dietary plasma protein on this organ (53) . The fact that SB reduced SI mucosal weight would suggest that SB may interfere with intestinal protein metabolism (53, 54) , following a reduced bacterial load and possibly a lower inflammation locally. Indeed, SB is known for its antibacterial (55) and anti-inflammatory (9, 10) properties. Butyrate was shown to decrease intestinal expression levels of TNFa, IL-1b and IL-6 in patients with Crohn's disease (9) . In the present experiment, only the expression of the gene encoding for IL-18 tended to be lower in piglets fed SB either before or after weaning in the jejunum. A transient gut inflammation has been reported in piglets a few days after weaning (56, 57) . In the present study, the observations made fairly late (12 d) after weaning may explain the low changes induced by SB in inflammatory cytokine gene expression. Besides, oral SB is quickly absorbed in rodents (58) and disappears before the lower SI in pigs (19) , which makes a direct luminal effect of SB on the SI unlikely.
Manzanilla et al. (19) reported a large increase (þ40 %) in jejunal crypt depth of SB-supplemented weaned pigs aged 40 d, with no effect on the crypts of the other intestinal segments or on the SI villi. In the present study, we noted only Fig. 2 . Influence of sodium butyrate (SB) supplementation on villous height, crypt depth and villous height plus crypt depth of the distal small intestine (SI5). ( ), Control (no SB supplementation before or after weaning); ( ), SB before weaning and control after weaning (BC); ( ), control before weaning and SB after weaning (CB); ( ), SB before and after weaning (BB). Values are means (n 7-8 per group), with standard errors of the mean represented by vertical bars. Supplementation with SB before or after weaning was not significant (P. 0·10) but the before £ after supplementation interaction was significant for villous height (P¼ 0·03) and villous height plus crypt depth (P¼ 0·05). The pre-planned orthogonal contrast comparisons indicated lower villous height and mucosal thickness in the pigs supplemented with SB for one period (BC or CB) as compared with those supplemented for both periods (BB) (P¼ 0·05 and P¼ 0·03, respectively). Crypt depth was influenced neither by the factors tested nor by their interaction (P¼ 0·18 to P¼0·89). 8·4  10·0  8·1  0·7  0·060  0·58  0·27  Mucosa  6·0  5·5  6·3  5·5  0·6  0·29  0·73  0·79  Muscularis  3·0  2·9  3·7  2·5  0·4  0·17  0·72  0·19 CC, control (no SB supplementation); BC, SB before weaning and control after weaning; CB, control before weaning and SB after weaning; BB, SB before and after weaning; Be, before weaning; Af, after weaning. * Be £ Af: interaction between SB supplementation before and after weaning.
a moderate reduction in jejunal villous height in SBsupplemented pigs, regardless of the period of supplementation. This observation is consistent with that of Biagi et al. (20) who reported a lack of effect of SB on villouscrypt architecture of weaned pigs, aged 60 d, supplemented with varying doses of SB (from 0·1 to 0·4 % of DM intake).
In the study by Manzanilla et al. (19) , SB ingestion led to a doubled density of goblet cells in the colon but failed to influence goblet cells in other parts of the GIT, enterocyte proliferation or intra-epithelial lymphocytes. In the present study, we noted a tendency for increased proliferation of enterocytes in villi of the mid-jejunum of pig supplemented with SB after weaning only. This agrees with earlier investigations demonstrating the proliferative properties of SB on the healthy GIT in vivo (15, 59) . However, this effect may depend on the dose of n-butyric acid, low doses being stimulatory while higher doses inhibiting cell proliferation (60) . Manzanilla et al. (19) suggested that the increase in body average daily gain:average daily feed intake ratio found in pigs fed SB may be due to activation of the IGF-I axis because insulin-like growth factors exert multiple physiological functions including tissue growth and cell differentiation and survival (61) . The present data do not support this hypothesis.
Feed intake and growth
The preceding observations that oral SB administered to pigs during the suckling period increased gastric retention of digesta, reduced intestinal mucosa weight and finally maintained or improved the apparent digestibility of starter feed components after weaning may probably contribute to explain the better growth rate and post-weaning feed intake as observed in the present study.
Studies with SB supplementation have provided conflicting results regarding growth performance, feed intake and feed efficiency. Postnatal supplementation of 3 g SB/kg milk replacer increased BW gain in neonatal pigs fed a milk replacer (21) . In weaned pigs, a dose of 3 g SB/kg was reported to increase feed efficiency without altering feed intake (19) . By contrast, increasing levels of oral SB in the diet had no effect on growth performance of weaned pigs (20, 62) . In the latter study (62) a negative relationship between BW gain or feed intake and the dose of SB (0 to 4 g/kg) could be established, contrary to previous investigations (20) . Many differences exist between these studies, including the period of supplementation, the dose of SB, the feed composition (pre-and post-weaning), the breed of pigs and finally the experimental environment. Thus, it is currently difficult to draw clear conclusions.
The present investigations suggest that SB provided before weaning has an effect on gastric retention and intestinal mucosa thinning that is more marked when the supplementation occurs before weaning, the final result being a more positive impact on growth rate with pre-weaning administration of SB. The opposite is true for feed component digestibility: it was reduced by post-weaning supplementation with SB. Combining SB supplementation before and after weaning seems to have contrasted effects on these GIT indices. Gastric retention of digesta tended to be more marked, intestinal mucosa thinning less pronounced and digestibility more reduced than with SB provided after weaning alone. This situation seemed to be more favourable to starter feed intake as compared with SB supplementation post-weaning only. Thus, the modes of action of oral SB are suggestively complex and the outcomes difficult to predict.
In conclusion, oral butyrate supplementation stimulates growth performance and starter feed intake in young pigs, especially when provided early after birth. This is accounted for by delayed gastric emptying, reduced intestinal mucosa weight and increased feed component digestibility. Further work is needed to elucidate the effects of oral SB on microbial colonisation, protein metabolism and barrier properties in the SI in order to understand the modes of action and the functional outcomes in terms of its effects on intestinal protection. 12·6  11·6  15·0  12·8  2·4  0·36  0·19  0·82  Maltase  117·2  104·1  82·3  96·7  11·2  0·91  0·04  0·08 ‡  Sucrase  34·1  32·2  24·3  29·2  3·4  0·52  0·03  0·01 §  Aminopeptidase A  35·0  30·2  26·5  25·7  3·4  0·35  0·05  0·50  Aminopeptidase N  99·1  99·4  73·4  92·9  9·1  0·18  0·06  0·22  Dipeptidyl peptidase IV  18·1  15·1  13·4  13·4  1·6  0·34  0·03  0·23 CC, control (no SB supplementation); BC, SB before weaning and control after weaning; CB, control before weaning and SB after weaning; BB, SB before and after weaning. * Values are means of the enzymic activities determined in each intestinal segment. 1 IU ¼ 1 mmol hydrolysed substrate per min. † Be £ Af: interaction between SB supplementation before and after weaning. ‡ The pre-planned orthogonal contrast comparisons revealed lower maltase activity in pigs supplemented with SB (whatever the period) as compared with controls (P¼0·001) and in pigs supplemented with SB after weaning as compared with those supplemented with SB before weaning (P¼0·044). § The pre-planned orthogonal contrast comparisons revealed lower sucrase activity in pigs supplemented with SB (whatever the period) as compared with controls (P¼0·008) and in pigs supplemented with SB after weaning as compared with those supplemented with SB before weaning (P¼0·011).
